Downloaded via UNIV OF CALIFORNIA IRVINE on May 25, 2021 at 20:53:34 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Formation of the End-on Bound Lanthanide Dinitrogen Complexes
[R,N)sLn N N Ln NR,);]* from Divalent [ R,N);Ln]' Salts R =
SiMe;)

Austin J. Ryan Sree ganesh Balasubramani Joseph W. Ziller Filipp Furche and William ]J. Evans

Cite This: J/ Am Chem Soc 2020 142 9302 9313 I: I Read Online

CCESS | liil Metrics More ‘ Article Recommendations | Supporting Information
ABSTRACT: Lanthanide-based dinitrogen reduction chemistry +N, < EZN‘ P =
has been expanded by the discovery of the rst end-on Ln,( 5"~ 2La"Nry), % 2 [Ln"(an)s]Z’% z "Ll N=N—L"

N,) complexes, whose synthesis and reactivity help explain the g giye, N RN \NF/{':RZ

reduction of N, by the combination of trivalent Ln(NR,),

complexes (R = SiMe;) and potassium. The formation of end-on versus the more common side-on Ln,( -#%%*N,) complexes
is possible by using recently discovered Ln(II) complexes ligated by three NR, amide ligands (R = SiMe;). The isolated Ln(II)
tris(amide) complex [K(crypt)][Tb(NR,);] (crypt = 2.2.2-cryptand), 1-Tb, reacts with dinitrogen in Et,O at 35 °C to form the
end-on bridging dinitrogen complex [K(crypt)],{[(R,N);Tb],[ -7':7'-N,]}, 2-Tb. The 18-crown-6 (18-c-6) Tb(II) analogue,
[K(18-c-6),][Tb(NR,);], 3-Tb, also reacts with N, to form an end-on product, [K,(18-c-6);]{[(R,N);Tb],[ -#":'-N,]}, 4-Tb.
The reaction of 1-Gd with dinitrogen forms a complex with the same composition as 2-Tb but with both side-on and end-on
bonding of the N, unit in the same crystal, [K(crypt) ],{[(R,N);Gd],[ -#":#*-N,]} (x = 1 and 2), 5-Gd. Similarly, the 18-c-6 Gd(II)
complex, 3-Gd, generates a product with both binding modes: [K;(18-c-6);]{[(R,N);Gd],[ -7":#*-N,]} (x = 1, 2), 6-Gd. All of
these new reduced dinitrogen complexes, 2-Tb, 4-Tb, 5-Gd, and 6-Gd, have three ancillary amide ligands per metal. In contrast, the
side-on bound complexes, [ (THE)(R,N),Ln],[ -#*#*N,], 7-Ln, observed previously in Ln(NR,);/K/N, reactions, have only two
amides per metal. A connection between these systems related to their formation was observed in the structure of the bimetallic
penta-amide complex, [K(THF)¢]{[(THF)(R,N),Gd][ -#%:#*N,][Gd(NR,);]}, 8-Gd, synthesized at 196 °C. Reaction
conditions are crucial in this dinitrogen reaction system. When 5-Gd and 6-Gd are warmed above 15 °C, they reform Gd(II)
complexes. If 1-Gd is dissolved in THF instead of Et,0 under N,, the irreversible formation of an (N,)* complex
[K(crypt) ][(THF)(R,N),Gd],[ -#*7*N,], 9-Gd, is observed.

INTRODUCTION THF, A
The r1st reduced-dinitrogen complex containing a rare-earth 2Ln'A; + 2K ﬂ, Amh Ln'!!.uu\\\\}Nlmm,“L‘;L A
metal, [(CsMes),Sm],[ -#%:#>-N,], was reported in 1988, eq 1, -2KA A/ - N THF @)
7-Tb *

_é( % %\ Ln=Sc, Y, La, Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm, Lu
27 Sl 4N, - tfouene én:!l..um\“}N”m,,,“smlll " A = N(SiMe;);, OCgH3'Bu,-2,6, CsMes, CsMegH, CsH, SiMes
« W

] 5 o where A is an anion, i.e. these are neutral complexes of Ln(III)
and had a planar side-on #"-N, binding mode that had never ions with two anionic ligands on the metal in addition to the
been seen before in M,N, dinitrogen complexes involving any side-on bound (N N)? bridge. Bimetallic lanthanide
metal.'Since that initial discovery, dozens of Ln,N, (Ln = rare- complexes of the radical trianion (N,)* " and the radical

earth metal, i.e. Sc, Y, and lanthanides) complexes have been dianion (NO)* 2° have also been isolated with this planar side-
isolated, and all of the lanthanide compounds display side-on -

1*:1*-N, bonding, eq 2.> '"®These reactions differed from eqlin
that the starting material was not a Ln(II) complex, but a
combination of a Ln(Ill) starting material and potassium.
Because molecular Ln(II) complexes for many of the metals in
eq 2 were unknown when the dinitrogen reduction was
discovered, the mode of formation of the (N N)* products
was not obvious. The general formula of the (N N)?2

complexes in eq 2 is [A,(THF),Ln™],[ -#%n*N,] (x = 1, 2),

on bonding mode, Figure 1.
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Figure 1. Side-on binding mode of the rst (N,)* and (NO)? complexes.
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Hence, it was surprising to nd that the Sc(II) amide complex,
[SC"(NR,);]" , reacts with N, to make an end-on reduced
dinitrogen complex, [K(crypt)],{[(R,N);Sc],[ -n':n'-N,]}

(crypt = 2.2.2-cryptand), eq 3.”'Generally, if Sc displays
N, RN NR; |*~
U - _=35°C RaN,\ n m
2 [Sc (NRy);] _ Sc—N=N—Sc,,/I (3)
hv \NR,
—N; RyN NR,

R = SiMe;

chemistry different from the other rare-earths, it is rationalized
by the fact that scandium is much smaller. Based on the ionic
radius, Sc would be 23rd in the series by size following the 0.013
A average decrease from one lanthanide to the next. However,
this scandium complex differed from the examples in eq 2 in that
it retained all three (NR,)" ligands. If steric crowding was an
issue, it might be expected that a complex with two anionic
amide ligands per metal would be found as in eq 2. On the other
hand, the small size of scandium provides a higher charge-to-
radius ratio and the increased Lewis acidity could help retain all
three amides. The presence of a chelating agent for the K'*
countercation in eq 3 could also be important. Loss of (NR,)"
could be easier with an unchelated K'* vs [K(crypt)]"*. This has
been observed in other systems such as the {U[N-
(CH,CH,NSiiPr;);](NCO)][K(B15-c-5), (B15-c-5 = benzo-
15-crown-S ether) complex, which retained an NCO' ligand
when the K'* countercation was chelated with B15-c-5 but lost
the NCO' ligand to form KNCO if no chelates were present.””

Once [K(crypt) L{[(R,N);Sc],[ -":7'-N,]} was identi ed,
it was of interest to determine if end-on dinitrogen complexes of
other rare earth metals could be made from Ln(II) precursors as
shown in eq 3. Normally, yttrium, the congener of Sc, would be
examined next because the Y(III) product would be
diamagnetic. However, isolation of the Y(II) precursor,
[Y'(NR,);]* , has proven to be much more difficult than
isolation of [Sc'(NR,);]' .** However, [Ln(NR,);]'! com-
plexes of the late lanthanides, Ln = Gd, Tb, Dy, Ho, and Er, are
available.”* This was surprising, because traditionally, Y(IIT) has
been a good model for trivalent lanthanides of similar size, i.e.
Ho(III) and Er(III). However, the data to date suggest that
Y(II) may not be analogous to either Sc(II) or the late
lanthanide +2 ions.”* *°

To further explore the unusual chemistry in eq 3, we have
examined dinitrogen reduction chemistry using [Ln(NR,);]"
complexes of the late lanthanides. We have chosen the two most
stable members of this series, Ln = Gd and Tb,**** and report
here that they also can form end-on dinitrogen complexes with
three amides per metal like scandium. These are the rstreduced
dinitrogen complexes of lanthanides that feature end-on binding
modes of the N, units. In addition, these reactions can also form
dianionic side-on complexes with three amides per metal in
single crystals containing both end-on and side-on bound
dinitrogen ligands. The new {[(R,N);Lnl,[ -#":#*-N,]}*
dianions are potent reductants and can revert back to the highly
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reactive Tb(II) and Gd(II) complexes, [Ln"(NR,);]', a
reaction not observed for other (N N)? complexes of Tb
and Gd. The isolation of both end-on and side-on species in the
same crystal as well as identi cation of a ve amide THEF-
solvated bimetallic side-on {[(THF)(R,N),Gd][ -#*#*N,]-
[GA(NR,);]}' monoanion suggest an explanation for the
reaction chemistry in eq 2 that led to the neutral THF adducts
[(R,N),(THF),Ln],[ -7*:-N,].

This reaction chemistry is highly dependent on speci ¢
reaction conditions, including solvent, temperature, and the
speci c lanthanide involved. Reactions of complexes with crypt
chelated potassium counter-cations are reported as well as
compounds with 18-crown-6 (18-c-6) as the chelating agent.

RESULTS

APureEnd-onLn N N LnComplex. When crystalline
samples of dark blue [K(crypt)][Tb(NR,);], 1-Tb, originally
prepared in an argon-containing glovebox, are dissolved in Et,0
prechilled to  3S °C in a nitrogen-containing glovebox, the dark
color disappears within 5 min as the solvent is swirled in the vial.
After the resulting yellow solution is kept at 35 °C overnight,
single crystals of [K(crypt) ,{[(R,N);Tb],[ -#':#'-N,]}, 2-Tb,
can be isolated, eq 4. The reported 10 20 yield on this highly

N;

[K(crypt)l2 | RoN NR,
I Et,0 RZN%‘ 1 / |||
2 [K(crypt)l[Tb (NRp);] ———— > Tb—N=N—Th, (4)
—-35°C / \NR,
1-Tb R,N NR,
R = SiMe; 2Tb

paramagnetic Tb(III) complex is low because we only claim a
yield on samples of crystalline material that has been analyzed by
X-ray crystallography. The reaction appears to proceed even
faster at 78 °C (vide infra).

X-ray crystallography revealed that the reduced dinitrogen
unit in 2-Tb is bound end-on, as shown in Figure 2. Previously,
all crystallographically characterized Ln,N, complexes of the
lanthanide metals have had side-on bound structures.” '* Only
with scandium, eq 3, was an end-on structure found.”!

The 1.217(3) AN N bond length in 2-Tb is within error of
the 1.221(3) A value in [K(crypt) [,{[(R,N);Sc],[ #':#'-N,]},
2-Sc,>! and is consistent with a double bond, i.e. (N N)? >/
This value is slightly smaller than the (N N)* distance of
1.271(4) A measured in the side-on bound [(R,N),(THF)-
Tb],( -7*n*-N,),” 7-Tb, although there is considerable
variation in N N distances depending on the quality of the
crystal and the method of crystallization.”®

The Tb N(N,) average distance in 2-Tb, 2.189(2) A, is
shorter than the Tb  N(N,) distances found in 7-Tb, 2.301(2)
and 2.328(2) A. The Tb  N(N,) distance in 2-Tbis signi cantly
shorter than the Tb  N(NR,) distance which averages 2.326(6)
A and is similar to the Tb  N(NR,) distances observed in 7-Tb,
2.301(2) and 2.328(2) A.° The Tb metal centers in 2-Tb deviate
from the plane of the three amide nitrogen donor atoms by 0.663

https://dx.doi.org/10.1021/jacs.0c01021
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Figure 2. ORTEP representation of 2-Tb drawn at the SO probability level. Hydrogen atoms and Et,O molecules have been excluded for clarity (O =

red, N = blue, Si = green, C = gray).

Figure 3. ORTEP representation of S-Gd drawn at the SO  probability level. Hydrogen atoms and Et,O molecules excluded for clarity (O =red, N =

blue, Si = green, Gd = plum, C = gray).

A. In comparison, Tb is out of the plane by 0.604 A in
Tb(NR,)3,”” 0.503 A in [K(crypt)][Tb(NR,),], 1-Tb,** and
0.201 A in [K(18-c-6)][Tb(NR,);].** Tb is 0.629 A out of the
N(NR,)N(NR,)O(THEF) plane in 7-Tb."

The reaction between Tb(II) and N, was also examined with a
complex containing 18-c-6 rather than crypt as the chelate for
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the potassium countercation of the [Tb(NR,);]' anion.
Differences in reactivity previously have been observed between
18-c-6 and crypt complexes of Ln(II) complexes.”>***' When a
solid sample of [K(18-c-6),][Tb(NR,);], 3-Tb, prepared under
argon, is dissolved in a nitrogen-containing gloveboxin 35 °C
Et,0 saturated with dinitrogen, the color changes gradually from

https://dx.doi.org/10.1021/jacs.0c01021
J Am Chem Soc 2020 142 9302 9313
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Figure 4. ORTEP representation of the disordered core of [K,(18-c-6);]{[(R,N);Gd],[ -#*#*N,]} (x =1, 2), 6-Gd, drawn at the S0  probability
level. Hydrogen atoms, counter-cations, SiMe; groups, and Et,O molecules were excluded for clarity.

dark blue to pale yellow. Crystallization by ltration into a cold
vial and replacement in the glovebox freezer produces the end-
on complex, [K,(18-c-6);]{[(R,N);Tb],[ -#':#'-N,]}, 4-Tb.
Unfortunately, crystals of this complex were not of sufficient
quality for detailed metrical analysis.

The Raman spectra of 2-Tb and 4-Tb were nearly
indistinguishable and displayed signals at 1630 and 1623
cm ', respectively, Figure S. This is in the range of the Raman
shift observed for the N, unit in 2-Sc*' at 1644 cm ! and distinct
from the more common side-on complexes, [(THF)-
(R,N),Ln],[ -#*#>-N,], 7-Ln, known for Ln = Nd, Gd, Tb,
Dy, Ho, Y, Er, and Tm, which show Raman shift values ranging
from 1417 to 1447 cm 1.*® The difference in these Raman shifts
is consistent with the N N distance which is shorter in the
dianionic end-on complex, 2-Tb, than in the neutral side-on
complexes, 7-Ln. The 1623 1630 cm ' stretching frequencies
are in line with a moderately activated N, unit and fall in
betwe}ezn galose for free N, 2230 cm !, and N,H,, 1583 and 1529
cm 1%

Mixed End-on Side-on Complexes. The gadolinium
complex, [K(crypt)][Gd(NR,),], 1-Gd, reacted similarly but
gave a different result from that obtained for 1-Tb in eq 4. When
1-Gd, prepared under Ar, is dissolved in N,-saturated Et,O at

35 °C, the solution turns gradually to a pale-yellow color after
S min. Crystallization at 35 °C yields crystals with the same
composition as 2-Tb, but the product contains both side-on and
end-on reduced dinitrogen ligands disordered over the two
binding modes: [K(crypt) L{[(R,N);Gd],[ #"#*N,]} (x=1
and 2), 5-Gd, Figure 3.

The crystal data were modeled best with 70  side-on and 30
end-on occupancy, respectively. This is the rst example of a
lanthanide complex of a side-on (N N)* ligand with three
ancillary amide ligands on each lanthanide (cf. eq 2). The Gd
center is also disordered in the structure with the same
occupancies as the corresponding (N N)? binding modes.

Interestingly, the mixed binding mode complex 5-Gd is
isomorphous with the pure end-on scandium complex, [K-
(crypt) L{L(RyN);Scl,[ #':7'-N,]}, 2-Sc. In addition, these
complexes crystallize in the same space group with comparable
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unit cell parameters as [K(crypt),{[(R,N);Gd],( -O)}, 10-
Gd, which was isolated and crystallographically characterized as
part of this study (see Supporting Information). In one instance,
5-Gd and 10-Gd were observed to cocrystallize with 85  of the
crystal modeled as 5-Gd end-on) and the other 15 modeled as
10-Gd. Unfortunately, neither the crystal of 10-Gd nor the
mixed crystal of 5/10-Gd were of sufficient quality for metrical
analysis.

The 18-c-6 Gd(II) complex, [K(18-c-6),][Gd(NR,);] 3-Gd,
also reacts with N, to form crystals containing both end-on and
side-on (N N)* : [Ky(18-c-6);][{[(RyN);Gd],[ -#"*-N, ]}
(x=1,2), 6-Gd. The core atoms of 6-Gd are shown in Figure 4.
The crystal data were modeled best with 50  side-on and S0
end-on occupancy. Complexes of 5-Gd and 6-Gd were isolated
only as crystalline product with yields of 10 20 .

The disorder in 5-Gd and 6-Gd limits the conclusions that can
be drawn from the structural data shown in Table 1. The end-on
components of 5-Gd and 6-Gd are similar and differ from the
side-on components of 5-Gd and 6-Gd, which are also similar. In
the end-on structures, the metal is 0.40(4) 0.46(2) A out of the
plane of the three nitrogen donors of the three amide ligands. In
the side-on components, the distances are 0.906(12) and
0.97(2) A. In comparison, the pure end-on complexes, 2-Sc and
2-Tb, have out-of-plane distances between 0.678(3) and
0.663(1) A, respectively.

The Ln  N(N,) distances of the end-on components in 5-Gd
and 6-Gd are shorter than those of the side-on components,
2.155(9) A for 5-Gd end-on) vs 2.363(6) A for 5-Gd side-on)
and 2.181(2) A 6-Gd end-on) vs 2.367(9) A for 6-Gd side-
on). The Ln N(NR,) distances span a wide range in 5-Gd and
6-Gd, 2.216(2) 2.486(2) A, but in general the end-on
structures have shorter Ln N(NR,) distances (2.216(2)
2.295(2) A, 5-Gd; 2.286(3) 2.326(3)A, 6-Gd) than the side-
on structures (2.371(2) 2.444(2) A, 5-Gd; 2.418(3)
2.486(3) A, 6-Gd). Hence, the Ln(N; plane), Ln N(N,), and
Ln N(NR,) distances all are consistent with a more crowded
coordination environment for the side-on complexes versus the
end-on complexes.

https://dx.doi.org/10.1021/jacs.0c01021
J Am Chem Soc 2020 142 9302 9313
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Table 1. Selected Bond Distances A) of

[K crypt) L{[ R,N);Sc], [ -n':n'-N,]}, 2-S¢,”!

[K crypt) ],{[ R,N);Tb],[ -n":"-N,]}, 2-Tb,

[K crypt)L{[ R,N);Gd],[ - :7 -N,]}[ = 1and2),5-Gd,

and [K, 18-c-6);{[ RyN);Gd],[ -7 7 -N,]} =1,2),6-
Gd
Ln N(NR,), Ln Ln (N;
[range] NNy plne)yy’ N N(N,)
2-Sc 2.150(6) [2.143(2) 2.031(1)  0.678(3) 1.221(3)
2.161(2)]
2-Tb 2.326(6) [2.3126(19)  2.189(2)  0.663(1) 1.217(3)
2.3406(19)]
5-Gd 2.268(27) [2.216(2) 2.155(9)  0.40(4) 1.271(12)
er;d- 2.295(2)]
5-Gd 2.408(26) [2.371(2) 2.363(3)  0.906(12)  1.190(5)
si)de— 2.444(2)]
6-Gd 2.302(16) [2.286(3) 2.181(2)  0.46(2) 1.234(9)
er;d— 2.326(3)]
6-Gd 2.45(3) [2.418(3) 2.367(9)  0.97(2) 1.193(9)
si;ie- 2.486(3)]

“The distance of the Ln to the plane of the three nitrogen donor
atoms of the three amide ligands.

It would normally be expected that the distances in 2-Tb
would be slightly shorter than those in 5-Gd because the ionic
radius of Tb is 0.013 A smaller than that of Gd. However, the
2.189(2) A Ln N(N,) distance in 2-Tb is numerically larger
and equivalent within the 3¢ uncertainty interval to the 2.155(9)
A distance in 5-Gd end-on). The 2.3126(19) 2.3406(19) A
range of Ln N(NR,) distances in 2-Tb is on average longer
thanthe 2.216(2) 2.295(2) ALn N(NR,) distance range in §-
Gd end-on). The fact that the distances in 2-Tb are not shorter
as expected from the jonic radii suggests there may be more
steric crowding in the Tb complex. It is also possible that the
disorder in the Gd complex leads to this difference in distances.

The Raman spectra of 5-Gd and 6-Gd show intense signals at
1634 and 1627 cm ' similar to the 1630 cm ! shift of the pure
end-on complexes, 2-Sc,*! 2-Tb, and 4-Tb, Figure S. This is

surprising because modeling the crystallographic data shows
more side-on than end-on in the solid state. However, the
density functional theory (DFT) calculations (see below) show
that the end-on N N stretching vibration is approximately 2
orders of magnitude more intense than that of the side-on
complex. The 1450 1500 cm ' region does not show the strong
well-resolved signals typically observed for side-on complexes
and requires further investigation.

Reversibility of N, Binding with Gd Il). If a solution of §-
Gd or 6-Gd at 78 °C is warmed to room temperature, a color
change from pale yellow to dark blue is observed. UV visible
spectra of the dark blue color shows a broad, intense absorbance
around 600 nm consistent with [Gd(NR,);]' .** Upon cooling
the solution back to 78 °C, the color reverts from deep blue
back to pale yellow. The same phenomena are observed with 2-
Tb and 4-Tb, eq 5. This is as expected entropically and was
recently observed with the Ti(III) amide, {Ti"™'[N-
(CH,CH,NSiMe,),]}.>

2-

+N, RN NR,
n 2- -35°C RZN//,,‘ m /III
2[Ln'(NRy)q] L n=N—L" | ()
/ \NR,
Ln =Gd, Tb -N2 RN NR,
R = SiMe,

Isolation of a Side-on Bimetallic Complex with Five
Amide Ancillary Ligands. When a solution of Gd(NR,); in
THE cooled to 35 °C is added to a vial containing KCyq cooled
to 196 °C under N,, yet a different type of reduced dinitrogen
complex is observed. At this lower temperature, a side-on (N
N)? complex is isolated in low yield where one Gd center is
ligated by three amides and the other is ligated by two amides
and a THF, ie. [K(THF)J{[(THF)(R,N),Gd][ -#*:#*N,]-
[GA(NR,);]}, 8-Gd, eq 6, Figure 6. Additionally, crystals of
[K(THF)4][Gd(NR,),], 11-Gd, were isolated from the same
reaction mixture (Supporting Information).

The structure of 8-Gd is a monoanionic blend between the
side-on neutral complex, [(THF)(R,N),Gd],[ -#*#*N,]}, 7-
Gd,” with two amides and one THF per metal center, and the
side-on components of 5-Gd and 6-Gd, which contain

—2-Sc
——2-Tb
4-Tb
5-Gd
—6-Gd

—

r = t
1400 1450 1500 1550

1600

1650 1700 1750 1800

Raman Shift (cm™1)

Figure 5. Normalized and baseline-corrected Raman spectra of 2-Sc (1644 cm '),>' 2-Tb (1623 cm '), 4-Tb (1630 cm '), 5-Gd (1634 cm '), and 6-
Gd (1627 cm '). Individual spectra are shown in the Supporting Information.
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N,  KTHEGNR, /NRZ
n THF 1 atN 7, n
e Gd Gd unlNR2
Gd (NRy); + KCg ——————> HR N (6)
196 °C RN P( R,
8-Gd
R = SiMe;
¥
[K(THF)g][Gd(NR)4]
11-Gd

Figure 6. ORTEP representation of 8-Gd drawn at the 50  probability
level. Hydrogen atoms excluded for clarity (O = red, N = blue, Si =
green, C = gray).

{[(R,N);Gd],[ #":*-N,]}* dianions and three amides per
metal center. Metrical data are compared in Table 2. The
1.248(8) A N N distance in side-on 8-Gd is numerically
intermediate between the 1.278(4) AN N distance of side-on

7-Gd, which has two amides per metal, and the 1.190(5) AN N
distance in 5-Gd side-on), which has three amides per metal.
However, the N N distance in 8-Gd is equivalent within the 36
uncertainty interval to that in 7-Gd and as mentioned above, N
N distances can vary from crystal to crystal.”® The placement of
the (N N)? ligand between the two types of Gd ions in Gd-8
is not symmetrical. The 2.306(7) and 2.308(6) A Gd(1)
N(N,) distances for the metal with two amide ligands and one
THEF ligand [Gd(1)] are signi cantly shorter than the 2.449(6)
and 2.399(6) A Gd(2) N(N,) distances of the metal with three
amide ligands [Gd(2)]. The two 2.310(6) and 2.313(6) A
Gd(1) N(NR,) distances are closer to the 2.333(6), 2.357(6),
and 2.362(6) A Gd(2) N(NR,) lengths. In general, the Gd(1)
lengths are more similar to those in 3-Gd, and the Gd(2)
distances are more similar to those in 5-Gd side-on), which is
consistent with the coordination environments. The pyramid-
alization of the Gd(2) ion ligated by three amide ligands from
the N; plane in 8-Gd, 0.656 A, is signi cantly less than that
observed in 5-Gd side-on), 0.902 A. Conversely, the Gd(1)
distance to the donor atom plane for the Gd ion containing two
amide ligands and a THF in 8-Gd is 0.833 A, substantially larger
than the 0.611 A distance observed in 7-Gd. These numbers are
consistent with more steric crowding around Gd(1) which is
closer to the (N N)? unit.

Formation of an N,)®> Complex from Gd Il). If a solid
sample of 1-Gd prepared under argon in  3$ °C is dissolved in
THE instead of Et,O in a nitrogen- lled glovebox, an orange
solution forms immediately. When the solution was Itered and
layered with hexanes at 35 °C, crystals of the (N,)® complex
[K(2.2.2-crypt) {[(THF) (R,N),Gd,[ -7*:#*-N,]}, 9-Gd,
were isolated in low yield, eq 7, Figure 7.

N, KEi g, /"Rz
THF M N, /0
2 [K(crypt)l[Gd'(NRy);] ———— HF“‘;Gd\ fo— Gd{lmNRz @
Ep—— RN N THF
» 9-Gd
+
R = SiMe;
Other Products

The structural data on 9-Gd were not of sufficient quality for a
detailed metrical analysis and comparison with other (N,)3
complexes,w’35 *% but this result shows that Gd(II) is
sufficiently reducing to convert (N,)*> to (N,)® . This is
consistent with earlier results that showed that (N,)* could be
generated from divalent lanthanide ions, speci cally with
Dy(11)," without the use of an alkali reducing agent.

Table 2. Selected Bond Distances A) of [K THF)¢]{[ THF) R,N),Gd][ -#*#>-N,][Gd NR,);]}, 8-Gd, Compared to
[ THF) R,N),Gd],[ #*#*-N,], 7-Gd,” and the Side-on Component of 5-Gd, i.e. [K crypt)],{[ R,N);Gd],[ -*:#*N,]}

Ln(1) N(1)(N;)  Ln(1) N@2)(N,)

Ln(1) N(1)(Nyg,)

Ln(1) N(2)(Nygo)  Ln(1) O(1)(THE)/Ln(1) N(3)(Nyg)

7-Gd 2.326(2) 2.353(2) 2.2782(19) 2.2964(19) 2.4408(17)
5-Gd side-on) 2.361(4) 2.363(4) 2.415(2) 2.434(2) 2.381(2)
8-Gd 2.306(7) 2.308(6) 2.310(6) 2.313(6) 2.460(6)
Ln(2) N(1)(N,) Ln(2) NQ2)(N,) Ln(2) N(1)(Nygo) Ln(2) N(2)(Nyga) Ln(2) N(3)(Nyga)
7-Gd 2.326(2)
5-Gd side-on) 2.369(4) 2.360(4) 2371(2) 2.406(2) 2.444(2)
8-Gd 2.429(6) 2.399(6) 2.333(6) 2.357(6) 2.362(6)
N(1) N(2) Ln Nj(plane) Ln NNO(plane)

7-Gd 1278(4) 0.611

5-Gd side-on) 1.190(5) 0.902

8-Gd 1.248(8) 0.656 0.833

https://dx.doi.org/10.1021/jacs.0c01021
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Figure 7. Ball and stick representation of 9-Gd. Hydrogen atoms omitted for clarity (O = red, N = blue, Si = green, C = gray).

o
o

Figure 8. Degenerate HOMOs of {[(R,N);Gd],[ -#":#'-N,]}

Figure 9. HOMO (left) and LUMO (right) of {[(R,N);Gd],[ -#*#*N,]

Density Functional Calculations. The structures of the resulted in a Dj;-symmetric triplet ground state, while
{[(R,N);Gd],[ -#'#*-N}* (end-on) and {[(R,N),Gd],[ - optimization of the side-on complex resulted in a C,-symmetric
*:*-N,]}*  (side-on) complexes were optimized using the singlet ground state.

TPSSh hybrid meta-generalized gradient approximation density The doubly degenerate HOMOs of the end-on complex
functional and f-in-core effective core potentials (see Supporting exhibit metal-to-ligand 6-bonding character due to interactions
Information for details). Optimization of the end-on complex of the antibonding 7 orbitals of the N, unit with the d,, and d,,

9308 https://dx.doi.org/10.1021/jacs.0c01021
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Figure 10. Qualitative MO representation of {{(R,N);Gd],[ -#':#'-N,]}* (top) and {[(R,N);Gd],[ -#*:#>N,]}* (bottom).

orbitals of the Gd atoms, Figure 8. In the side-on complex, on the
other hand, only one of the two N, 7 orbitals can interfere
constructively with the Gd d orbitals, producing a doubly
occupied HOMO of metal-to-ligand 7-bonding character,
whereas the other N, 7 orbital remains unoccupied, Figure 9.
A qualitative MO diagram showing the electronic structure of
each complex is shown in Figure 10.

As in the case of the Sc compound,”" end-on orientation of the
N, unit leads to a degenerate HOMO favoring a triplet ground
state, whereas side-on orientation lifts the degeneracy of the two
N, 7 orbitals to such a degree that a singlet ground state is

9309

favorable. Based on the DFT calculations, the two structures are
nearly isoenergetic within 2 kcal/mol, consistent with the
isolation of both complexes under the same experimental
conditions. The calculated geometrical details of the side-on and
end-on complexes are given in the Supporting Information
The simulated vibrational Raman spectra suggest that the
experimental spectrum in the 1500 1700 cm ' region is
dominated by the end-on complex, whose N N stretching
vibration is approximately 2 orders of magnitude more intense
than that of the side-on complex. The found vy for the end-on

https://dx.doi.org/10.1021/jacs.0c01021
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anion in 5-Gd and 6-Gd was found to be 1663 cm !, which is
close to the experimentally observed 1630 cm ' value.

DISCUSSION

The reactions of solid Ln(II) tris(amide) complexes, [K-
(crypt)][Ln(NR,);], 1-Ln, with N, to generate the reduced
dinitrogen complexes, [K(crypt) [,{[(R,N);Ln],[ -#":#"N,]},
(x=1,2-Tb; x= 1,2, 5-Gd), constitute the rst hard evidence of
Ln(1I) intermediates in the previously known lanthanide amide
reactions, Ln(NR,);/K/N,, that have formed [(THF)-
(R,N),Ln],[ -#%#*N,], 7-Ln, complexes across the lanthanide
series according to eq 2. Previously, it was unknown if the
Ln(NR,);/K/N, reactions involved Ln(II) intermediates,’
because molecular species containing the La(II), Ce(II), Pr(IL),
Gd(II), Tb(II), Ho(II), Er(II), Lu(II), and Y(II) ions had not
been discovered when the reduced dinitrogen complexes were
isolated. Thus, the suggestion of Ln(II) intermediates in the
formation of the 7-Ln complexes was highly speculative before
complexes of Ln(II) ions beyond the traditional Eu, Yb, Sm, Tm,
Dy, and Nd examples were discovered.”"”” Interestingly, the
(N N)*> products isolated from the reactions of isolated
Ln(II) tris(amide) precursors are not the side-on 7-Ln,
complexes with two ancillary amide ligands per metal isolated
from Ln(NR,);/K/N, reactions, but the end-on
{[(R,N);Ln],[ -#":#'-N,]}* dianions with three amides per
lanthanide.

Because these latter dianions have the same number of amides
asthe [Ln(NR,);]" starting material, it is tempting to speculate
that this is related to the mechanism of reduction. It is possible
that the Ln(II) anion, [Ln(NR,);]" , formed from Ln(NR,),
and potassium, reduces N,. Initial reduction could form an end-
on {[(R,N);Ln][N,]}' radical that is quickly trapped by
another [Ln(NR,);]' unit to form the end-on bimetallic
complex, {[(R,N);Ln],[ -#':#'-N,]}* , described for the rst
time in this study. These complexes could thermally decompose
to reform the Ln(II) precursors, [Ln(NR,);]' , as observed
here, or, if an (NR,)'! ligand is substituted by THF, a
monoanionic complex of the type isolated in this study,
{[(THF)(RN),Ln][ -#*#*N,][Ln(NRy);]}' , 8-Ln, could
form. A reviewer has pointed out that the substitution of an
(NR,)" ligand in {[(R,N);Ln],[ -":7'-N,]}* by THF would
increase the electrophilicity of the Ln(III) ion, and this could
lead to the end-on to side-on conversion. Ifan (NR,)' ligand in
8-Ln is displaced by THF, the nal product of the Ln(NR,),/K/
N, reactions results: [(THF)(R,N),Ln],[ -#*#*N,], 7-Ln.
Because the earlier Ln(NR,);/K/N, reactions were conducted
at room temperature, the 1-Ln, 2-Ln, and 8-Ln intermediates
were not observed.

The fact that Gd(II) and Tb(II) complexes react with
dinitrogen to form end-on bound (N N)> complexes,
{[(R,N);Ln],[ -n':'-N,]}* , similar to those of Sc,”' provides
another example of the similarity of late Ln(II) chemistry with
Sc(II) chemistry that is not shared by Y(II). Hence, the fact that
[Y(NR,);]' is much less stable than [Sc(NR,);]* aswell as the
[Ln(NR,);]' complexes of Ln = Gd, Tb, Dy, Ho, and Er is not
an isolated example of nonanalogous Y(II) chemistry. Hence, it
seems prudent to refrain from extending the similarity of Y(III)
and the late lanthanide +3 ions to the +2 oxidation state. The
origin of this effect is not clear, although nonperiodic chemistry
is sometimes observed for 4d vs 3d and 5d transition metal
complexes.*>*!

The reversibility of eq 4 as the temperature is increased, i.e. eq
S, has parallels with the isolation of the rst lanthanide
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dinitrogen complex, [(CsMes),Sm],[ -#*5*N,], eq 1. In that
case, lower temperature favors the dinitrogen complex as
expected based on entropy. This entropically driven binding of
N, is also seen with the sterically crowded Ti amide complex
{Ti"[N(CH,CH,NSiMe;);]} which forms a bimetallic N,
complex at low temperatures that breaks up upon warming.*”

It is clear from this study and other related studies of
lanthanide amide reduction reactions,”>** that the details of the
speci creactions are critical to the outcome. The isolation of the
gadolinium crystals with mixed end-on and side-on ligation of
N, is consistent with the DFT calculations which show the side-
on and end-on structures to be nearly isoenergetic. This is in
contrast to calculations performed on the end-on Sc complex
which showed a hypothetical side-on bound structure to be 12
kcal/mol higher in energy than the end-on counterpart.”" It is
possible that by moving from Gd to its neighbor, Tb, which
differs by being 0.013 A smaller,"” the balance between end-on
and side-on shifts to favor the sterically less crowded end-on
structure. This may be why 2-Tb and 4-Tb are purely end-on.
Hence, selection of one lanthanide versus its adjacent element
can influence the reaction.

Subtle differences in binding modes based on metal ion size
and the steric pro le of the ligands have previously been
observed in Ti and Zr dinitrogen chemistry. Reduction of the
pentamethylcyclopentadienyl zirconium dichloride,
(CsMe;),ZrCl,, under a nitrogen atmosphere will reductively
bind dinitrogen and form a bimetallic end-on bound N,
complex, [(CsMes),(N,)Zr],( -7":1"-N,).**** In contrast,
when the fetra-methylcyclopentadienyl zirconium dichloride
complex, (CsMe,H),ZrCl, is reduced under dinitrogen, the
side-on bound dinitrogen complex [(CsMe,H),Zr],( >
N,), is observed.***® In the case of smaller titanium, however,
both CsMe; and CsMe,H ligands are large enough to give end-
on bound dinitro%en complexes [(CsMe,R),Til,( -n':n'-N,)
(R = H, Me),””* and a trimethylcyclopentadienyl ligand is
needed to observe the side-on binding mode,
[(CsMe3H, ), Ti],( PN, ).

Temperature is also crucial: under the conditions of the
previously reported Ln(NR,);/K/N, reactions, [(THE)-
(R,N),Ln],[ -#*#*N,], 7-Ln, would be the only isolated
product. To observe the Ln(II) and Ln N N Ln inter-
mediates, low temperatures and fast reaction times are
necessary. This study also showed that conducting these
reactions in THF vs Et,O can lead to an (N,)* product rather
than (N N)? products. This result also shows that Gd(II) is
capable of forming (N,)® because no alkali metal was present in
the formation of 9-Gd.

The structural similarity of the end-on (N N)? , side-on
(N N)>, and O® complexes suggests that other small
dianions should t inside two [Ln(NR,);]" units. Long ago,
Lappert reported a [(R,N);Cel,[ -#%:#>-O,] complex showing
this structural motif with (O,)? and Ce(IV).>" It remains to be
determined if such species are best accessed through [Ln-
(NRy);]' , {{(R;N)sLn],[ -#7"N,]}* , or some other
precursor. In any case, the success of such a reaction is likely
to involve the speci ¢ countercation as these have been found to
be crucial to isolate (and crystallize) speci c samples of reduced
complexes.”>**>>

CONCLUSION
For over 30 years, crystallographic analysis of lanthanide-based

dinitrogen reduction products has provided structures of only
side-on Ln,N, complexes, ie. [(solvent)A,Ln],[ -n*n*N,]

https://dx.doi.org/10.1021/jacs.0c01021
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with A = anion. The mechanism of the LnA;/K/N, reactions
that formed these complexes was unknown. Now, the rst
examples of end-on lanthanide Ln N N Ln species have
been isolated, [K(crypt)],{[(R,N);Ln],[ -#':#'-N,]}. The
end-on structures were obtained by using the isolated Ln(1I)
complexes, [K(chelate)][Ln(NR,),], as the reductant instead of
the in situ product generated from Ln(NR,); and K and by
doing the reactions at low temperature. This shows the Ln(1I)
complexes can indeed be involved in these reactions. The fact
that warming the Gd(III) (N N)> complex to room
temperature reforms the Gd(II) precursor indicates that the
Gd(III)/Gd(II) and N,/(N,)* reduction potentials are closely
matched. The isolation of the penta-amide complex, [K-
(THE)J{[(THE)(R,N),Gd][ -#°n* N, ][Gd(NR,)]}, sug-
gests that lanthanide-based reduction of N, can occur by
reaction of 2 equiv of the divalent [Ln(NR,);]" with N, to form
an end-on dianion, {[(R,N);Ln],[ -':#'-N,]}* , which can
lose one (NR,)! ligand per metal to form the neutral side-on
[(THF)(R,N),Ln],[ -#*:7*-N,] complex. The speci ¢ product
isolated in these lanthanide-based dinitrogen reduction
reactions depends critically on the details of the experimental
conditions including temperature, solvent, reaction time, and
the presence or absence of a chelate. This study also provided
more evidence to suggest that Sc(II) and the late lanthanide
Ln(II) ions are similar and differ from Y(II). Hence, Y(III) is
similar to the late trivalent lanthanides and has congeneric
similarities to Sc(III); yttrium in the +2 oxidation state should
be considered neither a surrogate for the late lanthanides nor a
congeneric analogue of Sc(1I).

EXPERIMENTAL DETAILS

All manipulations and syntheses described below were conducted with
the rigorous exclusion of air and water using standard Schlenk line and
glovebox techniques under an argon or dinitrogen atmosphere.
Solvents were sparged with UHP argon and dried by passage through
columns containing Q-5 and molecular sieves prior to use. Elemental
analyses were conducted on a PerkinElmer 2400 Series II CHNS
elemental analyzer. Complexes of 1-Ln>* and 3-Ln”? were synthesized
as previously reported. Infrared spectra were collected on an Agilent
Cary 630 equipped with a diamond ATR attachment. Raman spectra
were collected on solid samples in a 1 mm quartz cuvette appended with
a Teflon stopcock using a Renishaw inVia confocal Raman Microscope,
equipped with a 122 mW laser of wavelength 785 nm (laser power 10
and a XSL objective laser). Measurements were taken on at least three
different crystals to con rm reproducibility while one of the spectra is
reported.

[K crypt)1,{[ R,N);Tb],[ -n'#;"-N,]}, 2-Tb. In a dinitrogen lled
glovebox, [K(crypt)][Tb(NR,);] (40 mg, 0.038 mmol), 1 Tb, was
dissolved in 35 °C, nitrogen saturated, Et,O and placed in the freezer
overnight. The resulting yellow solution produced crystals suitable for
X-ray diffraction (9 mg, 11 yield). IR: 29425, 2889s, 2817m, 2762w,
2730w, 2698w, 1478m, 1458m, 1446m, 13565, 1299m, 1260s 1237s,
113Ss, 1107s, 1078s, 1059s, 9925, 9525, 933m, 869s, 827s, 770m, 752m,
713m, 691m, 663s, cm . Anal. Caled for C,,H 4N ,01,8i,,K,Th,: C,
40.42; H, 8.48; N, 7.86. Found: C, 39.95; H, 8.04; N, 7.23.

[K, 18-c-6);1{[ R,N);Tb],[ -111:711-N2]}, 4-Tb. In a dinitrogen lled
glovebox, [K(18¢6),][Tb(NR,);] (40 mg, 0.038 mmol) was dissolved
in 35 °C, nitrogen saturated, Et,O and placed in the freezer overnight.
The resulting yellow solution produced crystals suitable for X-ray
diffraction (13 mg, 17 ). IR: 2938m, 2887m, 1472w, 1453w, 1352m,
1237s, 1104s, 945s, 865m, 813s, 771m, 700m, 653s cm . Anal. Calcd
for C,,H N3O ,4Si;,K,Th,: C, 39.68; H, 8.33; N, 5.15. Found: C,
39.25; H, 8.71; N, 5.50.

[K crypt)l,{[ R,N)3Gd],[ -7 :7 -N,1} =1, 2), 5-Gd. In a nitrogen

lled glovebox, [K(crypt)][Gd(NR,);] (40 mg, 0.037 mmol) was
dissolved in 35 °C, nitrogen saturated, Et,O and placed in the freezer
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overnight. The resulting yellow solution produced crystals suitable for
X-ray diffraction (7 mg, 9 ). IR: 2942s, 2890s, 2819m, 2762w, 2729w,
2697w, 1478m, 1459m, 1446m, 1356s, 1298m, 1260s 1236s, 113Ss,
1107s, 1078s, 1060s, 996s, 952s, 934m, 869s, 825s, 769m, 751m, 711m,
690m, 662s, cm *. Anal. Calcd for C,,H 40N ;,0,,5i,,K,Gd,: C, 40.49;
H, 8.49; N, 7.87. Found: C, 39.35; H, 891; N, 7.61.

[K; 18-c-6);1{[ NRy)sGdI,[ - :7-N,} X = 1, 2), 6-Gd. In a
dinitrogen lled glovebox, [K(18¢6),][Gd(NR,);] (40 mg, 0.033
mmol) was dissolvedin 35 °C, nitrogen saturated, Et,O and placed in
the freezer overnight. The resulting yellow solution produced crystals
suitable for X-ray diffraction (1S mg, 20 yield). Anal. Calcd for
C,,H;50N,0,,S81,,K,Gd,: C, 39.74; H, 8.34; N, 5.15. Found: C, 39.25;
H, 8.90; N, 4.56.

[K THF)6J{[ THF) R,N),GdI[ -#%n*N,][Gd NR,);l}, 8-Gd, and
[K THF)6l[Gd NR;);] 11-Gd. In a dinitrogen lled glovebox, Gd-
(NR,); was dissolved in  3S °C, nitrogen saturated, THF and then
added to a vial containing KCg at 77 K. The solution was immediately

Itered and layered with 35 °C hexanes and replaced in the glovebox
freezer. The resulting orange solution produced crystals of 8-Gd and
11-Gd suitable for X-ray diffraction after 24 h.
[K crypt)l{ THF)[ R,N),Gd1,[ -#%7*N,1}, 9-Gd. In a dinitrogen
lled glovebox, [K(crypt)][Gd(NR,);] was dissolved in 35 °C,
nitrogen saturated, THF and placed in the freezer overnight. The
resulting orange solution produced crystals of 9-Gd suitable for X-ray
diffraction.

X-ray Crystallographic Data. Crystallographic information for
complexes 2-Tb, 3-Tb, 4-Tb, 5-Gd, 6-Gd, 8-Gd, 9-Gd, 10-Gd, and 11-
Gd, is summarized in the Supporting Information.
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